To cope with environmental constraints, organisms can show variation in phenotype, either by genetic adaptation or phenotypic plasticity. These patterns are especially pronounced in ecosystems that are under anthropogenic influence. Due to human-induced disturbances such as logging and deforestation, tropical forests comprise such a system. To date, most studies have dealt with ecological responses at the community level relative to forest disturbance or degradation. However, the evolutionary consequences of tropical forest deterioration on behaviour and functional morphology have received far less attention compared to temporal regions. From a resource-point of view, light conditions are essential for heliotherms such as butterflies. Because degradation of tropical cloud forests in the Taita Hills (Kenya) is very pronounced, the present study tested whether this induced changes in mate-location strategies, habitat-use, and functional flight morphology in a forest butterfly, Salamis parhassus. According to predictions from temperate regions, it was hypothesized that the species would change its mate location strategy from perching to patrolling in more disturbed forests, that this higher mobility results in a faster occupancy of light gaps, and that it accords with a higher wing loading within populations from undisturbed forests. These hypotheses were confirmed by field surveys and experiments. The present study demonstrates that degradation of tropical forests does not only affect communities (e.g. species richness), but also the behaviour and functional morphology of individual species.
INTRODUCTION
Organisms deal with the opportunities and constraints of their environment by their phenotype, including their morphology, physiology, behaviour, and life-history traits. Different environmental settings may impose different selection pressures on phenotypic traits, in turn, potentially generates adaptive differences among species or populations within a species from different physical environments (Schluter & Grant, 1984; Howarth, 1993) . Ecosystems under relatively recent but severe anthropogenic influence provide interesting model systems for studying rapid evolution as a response to changed environmental conditions. Obviously, only fast evolutionary responses allow the rescue of populations that face this rapid deterioration in environmental quality (Hairston et al., 2005) . Several tropical forests are of particular interest in this context because their local environmental settings and conditions have been changed dramatically by logging activities, amongst other impacts, over recent decades (Holloway, Kirk-Spriggs & Khen, 1992; Turner, 1996) . Increased human activities in forest fragments alter forest structure, floristic composition, biomass, and microclimate, and are likely to exacerbate effects of fragmentation on disturbance-sensitive species (Laurance et al. 1998 ). To date, most studies have dealt with ecological responses at the community level (e.g. species richness) relative to forest disturbance or degradation (Wood & Gillman, 1998; DeVries & Walla, 2001; Ghazoul, 2002) . Compared with temperate biomes, tropical forests are characterized by a high but typically poorly inventoried (insect) faunas, although rates of tropical forest degradation and destruction are higher than most other biomes (Lewis & Basset, 2007) . To the best of our knowledge, the evolutionary consequences of forest deterioration on behaviour and functional morphology have received far less attention in tropical systems compared to temperate-zone ones.
Light conditions impose an important ecological resource for flying heliotherms such as butterflies (Dennis, Shreeve & Van Dyck, 2003) . Besides its significance for thermoregulation (Ide, 2002) , differences in light quantity and quality may also affect other traits such as the visual appearance of butterflies to predators (Burd, 1994) and perceptual performance to locate mates (Rutowski & Warrant, 2002; Ravenscroft, 1994) . Visually-cued organisms adopt one of two behavioural strategies to locate essential resources like food or mates: sit-and-wait behaviour or search behaviour (Huey & Pianka, 1981) . Focusing on mate-locating behaviour of butterflies, Scott (1974) introduced the labels 'perching' and 'patrolling', respectively.
Based on patterns observed in temperate-zone forest species like the speckled wood butterfly Pararge aegeria, we can make predictions about behavioural and morphological changes in a tropical species from forest fragments that differ in degree of disturbance. In closed cool forests with a low density of sunlit patches (e.g. dense coniferous plantations), P. aegeria males are mainly observed perching, whereas the frequency of patrolling increases in more open warmer forests with a higher density of sunlit patches (e.g. deciduous forest) (Wickman & Wiklund, 1983; Shreeve, 1984; Van Dyck, 2003) . The relative importance of a sunspot to meet females is higher in closed, shadier forest than in open, sunnier forests. When a larger part of the forest floor is irradiated, the probability of locating a female on a particular site is hence reduced. As a consequence, a strategy to monopolize such a site by territorial perching becomes less rewarding. Hence, we predict higher frequencies of patrolling males in disturbed, open forests compared to more intact, closed forests where perching on a monopolized sunlit patch is expected to be the most common mate locating strategy. In temperate-zone systems, perching and patrolling behaviours have also been shown to correlate with different morphologies at the interspecific (Scott, 1974; Wickman, 1992) and intraspecific level ( Van Dyck, Matthysen & Dhondt, 1997) : perchers have higher wing loadings than patrollers. This is a functional morphological difference related to the different biomechanical needs of the two types of flight. Perchers have short powerful flights with high levels of acceleration to intercept and eventually chase intruders, whereas patrollers require a functional design that better permits flight endurance at lower speed (Berwaerts, Van Dyck & Aerts, 2002) . Given our earlier prediction of more patrollers in more disturbed forest fragments, we consequently also predict lower average wing loadings in populations from such fragments compared to less disturbed fragments.
The system we studied for testing those predictions comprises the Afrotropical forest butterfly Salamis parhassus in a series of rainforest fragments in the Taita Hills (Kenya) that differ in their degree of disturbance.
MATERIAL AND METHODS

STUDY SPECIES AND STUDY AREA
We studied the Nymphalid butterfly species S. parhassus Drudry, 1782. Salamis is an exclusively Afrotropical genus, closely related to the genus Hypolimnas. Salamis parhassus is a large species linked to rainforest habitats; caterpillars feed on Acanthaceae species (Larsen, 1996) .
The Taita Hills (Kenya, Africa) form the northernmost isolate of the Eastern Arc Mountains. The area has an unusually high proportion of rare and endemic animal and plant species; together with the coastal forests of Kenya and Tanzania, it globally ranks among the top 25 biodiversity hot-spots (Myers et al., 2000; Brooks et al., 2002) . Despite the dramatic loss, degradation, and isolation of the original cloud forest cover in the Taita Hills since 1962 (estimated decline between 50-99% during 1962 -1985 , Beentje (1988 , the larger forest remnants continue to have important numbers of endemic animal and plant species (Beentje, 1988; CEPF, 2005) .
At present, < 400 ha of original Taita cloud forest is retained in three larger patches (Chawia, 94 ha; Ngangao, 136 ha; and Mbololo, 179 ha) and nine tiny fragments (1-4 ha; one of 8 ha) Fig. 1) . Earlier studies have shown significant heterogeneity in habitat quality (vegetation composition and structure) among the 12 fragments: smaller frag-ENVIRONMENTAL CONSTRAINTS IN AN AFROTROPICAL BUTTERFLY 831 ments were on average more deteriorated (Chege & Bytebier, 2005) . We quantified the degree of degradation by using data on forest area, average values on tree basal area, average canopy cover, average number of trails ha -1 , and average number of dead trees ha -1 (Table 1) . Small tree basal areas, low canopy coverage, small numbers of dead trees, and a high density of trails reflect high levels of human disturbance (mainly through selective logging; Schwartz & Caro, 2003; Fashing & Gathua, 2004; CEPF, 2005; Chege & Bytebier, 2005) .
The available data Chege & Bytebier, 2005) were complemented with new field data collected during January and February 2006 (fragments Fururu, Wundanyi, and Mwachora). 
DENSITIES AND MATE-LOCATING BEHAVIOUR
Between 20 January and 15 February 2006, we recorded the number of individuals of S. parhassus along randomly spaced transects of 250 m each. Only counts within a side-distance of 5 m were taken into account because this corresponds to the lowest visibility range in the most disturbed forests. In the smallest fragments, we counted on at least three transects, whereas up to eight transects were used in the largest fragments. Each fragment was visited at least three times (always another transect), equally separated in number of days but randomized in terms of time of the day. A sample of males (N = 382) was assigned to one of two mate locating strategies: perching or patrolling. This assignment was based on behavioural observation during several minutes (Merckx & Van Dyck, 2005) . Perching males chase conspecific males in an aggressive way and make short chasing and inspection flights after which they return to the same focal patch. Patrolling males are in permanent flight covering wider areas.
We also performed a removal experiment with territory holding perching males (N = 157). A perching male was captured from its sunlit patch by a hand net. The male was stored in a special paper bag and the time until another male occupied the vacant sunlit patch was recorded. The observation was stopped when a new male settled in the patch, or after 1 h when no new male turned up. We did not analyse the few cases where the sunlit patch disappeared (due to changed solar inclination) after we had removed the focal male and before a new male arrived.
MORPHOLOGICAL MEASUREMENTS
A sample of butterflies was caught for morphological measurements in the field (males, N = 110; females, N = 44). For each individual, we measured the width and length of both the right fore and hind wing with digital callipers (accuracy ±0.1 mm). No wing and thorax morphometrics were taken from individuals with serious wing damage. Consequently, our measurements can be considered to originate from fresh and rather fresh individuals (Stjernholm et al., 2005) . In this way, any potential bias of morphological measures due to the disproportional abundance of older males in, for example, more disturbed sites is avoided. Thorax width was also measured at the point of wing inculcation to the nearest 0.1 mm. Our field measures of wing morphometry correlate very well with wing surface, as assessed by digital processing of standardized photographs (ImageJ, NIH). Best fits were obtained for wing width ¥ wing length (hind wing: F 1,45 = 465,64; P < 0.0001, R 2 = 0.91; fore wing: F1,45 = 290.64; P < 0.0001, R 2 = 0.865). Therefore, we consider our measurement (wing width ¥ wing length) to be a good approximation of wing area.
STATISITICAL ANALYSIS
General linear models were used to test betweenforest differences in density, wing surface and latency time of new male settlement after removal of the resident. The proportion of males and of perching males were analysed by logistic regression (taking into account over-or underdispersion of data) with fragment as main factor. Day of observation per experiment was included as a random categorical effect to control for eventual independency due to similar weather conditions. We did not apply any correction at the transect level because transects were randomly chosen in each fragment and surveyed only once. Residual wing surface as a measure of wing loading was tested by adding thorax as a covariate in models for wing surface. Degrees of freedom were corrected by Satterthwaite procedure. We tested the effect of fragment degradation (PCA score) on the different parameters by a heterogeneity test (Rice & Gaines, 1994) . All tests were performed with R software (R Development Core Team).
RESULTS
DENSITIES AND MATE-LOCATING BEHAVIOUR
Salamis parhassus densities varied considerably among forest fragments (F9,48 = 9.85; P < 0.001; Fig. 2 ). The sex ratio in the observed samples (expressed by the proportion of males) also differed between forest fragments (F9,48 = 4.57; P = 0.002; Fig. 2 ), but this effect is only caused by differences ENVIRONMENTAL CONSTRAINTS IN AN AFROTROPICAL BUTTERFLY 833 between Ch and Ki and between Ma and Mw, respectively (Tukey tests: t > 3.62; P < 0.05). None of the differences corresponded significantly with forest degradation as expressed by PC1 (ordered heterogeneity test: for density: rSPc = 0.112; P > 0.05; for proportion of males: rSPc = 0.155; P > 0.05).
The frequency of mate-locating behaviours (expressed by the proportion of perching males) dif-fered considerably between fragments (F9,42 = 65.85; P < 0.001; Fig. 3 ). The proportion of males that were perching declined with degree of fragment degradation (Ordered heterogeneity test: rSPc = 0.874; P < 0.05), but was not directly affected by male density (F1,8 = 1.42; P > 0.26) or the proportion of males within the population (sex ratio; F1,8 = 0.87; P > 0.05). Observed average total and male densities of Salamis parhassus along transects in the different fragments (for forest abbreviations, see Table 1 ). Differences between fragments are significant but not in accordance to the degree of habitat degradation (fragments are ordered from most intact on the left to most degraded on the right). Table 1 ). Differences between fragments are significant and in accordance to the degree of habitat degradation (fragments are ordered from most intact on the left to most degraded on the right).
REMOVAL EXPERIMENT
Latency time before a new male took over a vacant sunlit patch (after removal of the resident male) differed significantly between fragments (F7,106 = 30.72; P < 0.0001). The settlement of a new male was much faster in more degraded fragments (ordered heterogeneity test: rSPc = 0.953; P < 0.001; Fig. 4 ). The average time before settlement in an empty patch was up to six-fold longer in the least disturbed fragments (Mbololo and Ngangao) compared to the most disturbed fragment (Wundanyi).
WING SIZE AND WING LOADING
Wing area varied significantly between forest fragments (F9,145 = 2.60; P = 0.008), but there were no sexual differences in wing size (F1,110 = 0.85; P > 0.5).
Wing size did not reflect fragment degradation status (ordered heterogeneity test: rSPc = 0.113; P > 0.5).
Wing size (WS) was positively correlated with thorax width (T) according to the regression WS = -1666.15 + 796.94 ¥ T (F1,144 = 368.89; P < 0.0001). The slope of this allometric regression did not differ among the forest fragments (Fragment ¥ Thorax width interaction: F1,136 = 1.03; P > 0.5). Average thorax width did not differ between the several forest fragments (F9,145 = 0.84; P = 0.583). By contrast, wing loading (i.e. the residual variation of wing surface regressed on thorax width) also differed between forest fragments (F1,144 = 10.06; P < 0.0001; Fig. 5 ) and this variation corresponded to forest degradation status (ordered heterogeneity test: rSPc = 0.866; P < 0.5). On average, S. parhassus had higher wing loadings in less disturbed forest fragments.
DISCUSSION
Most studies on tropical forest fragmentation and deterioration have analysed ecological effects at the community level such as species richness (Wood & Gillman, 1998; DeVries & Walla, 2001; Ghazoul, 2002) . Our intraspecific results showed considerable between-population variation for adult density, observed sex ratio, frequency of male mate-locating behaviours, and flight morphology in the Afrotropical butterfly S. parhassus from different tropical cloud forest fragments in the Taita Hills. Density was not correlated with the degree of habitat disturbance. Although abundance or density measures are frequently studied relative to habitat fragmentation, they can be unreliable indicators for habitat quality (Medellin, Equihua & Amin, 2000) . In most butterflies, the sex ratio is probably 1 : 1 (Shreeve, 1990 ), but differences between more apparent male behaviour versus rather cryptic female behaviour explains why females are typically under-represented in transect counts or capture-mark-recapture data (Shreeve, 1990) . In the present study, we found differences in sex ratio between two pairs of fragments, which can improbably be attributed to differences in forest structure and/or visibility because exactly largest differences were found between fragments with alike vegetation structure (Ma and Mw). These unexplained differences in population structure Table 1 ). Differences between fragments are significant and in accordance to the degree of habitat degradation (fragments are ordered from most intact on the left to most degraded on the right).
among fragments were, however, not the prime focus of this study. We are especially interested in the results for male mate-locating behaviour and flight morphology (i.e. wing loading) relative to degree of habitat disturbance, which are in line with our predictions. Species may predominantly perch or patroll to locate mates (Shreeve, 1992) , but S. parhassus clearly is a species in which perching and patrolling co-exist in the same population. By contrast to temperatezone regions, few studies have dealt with mate location behaviour in response to environmental conditions in tropical insects (Kemp & Rutowski, 2001) . There have been different views on the flexibility of butterfly mate-location behaviour and the significance of the different potential driving factors behind this variation (Scott, 1974; Wickman, 1988; Rutowski, 1991; Shreeve, 1992) . These factors include temperature, population density, operational sex ratio, and the spatial predictability of receptive females. Population density is, however, not considered a major influence on the evolution of mate locating behaviour because typical patrollers may compensate for low population density by increased searching efforts or appearance (Shreeve, 1990) . Dennis & Shreeve (1988) argued for the importance of the structure and the predictability of the larval component of the habitat (i.e. host plants). A perching or sit-and-wait behaviour would only evolve under ecological resource settings that allow the reliable use of structural landmarks as sites where the probability of meeting a female is significantly higher than at ran-domly distributed sites across a biotope. When such landmarks are either too numerous or non-existent, a search or patrolling strategy is expected to be the most profitable strategy because patrollers are more likely to encounter females before perched males (Shreeve, 1990) . Salamis parhassus uses sunlit patches as land marks to locate mates in very similar ways to well studied species such as Hypolimnas bolina (Kemp & Rutowski, 2001) and notably like the speckled wood P. aegeria (Wickman & Wiklund, 1983; Shreeve, 1984) .
Our removal experiments indicate the fast replacement of territorial males in forests with overall low levels of perching. This suggests, according to our opinion, that strategies are presumably not fixed at the individual level because only mobile (i.e. assumed patrolling) individuals should be able to find vacant territories very quickly. Therefore, mate location strategies are presumably decoupled from mobility behaviour, and potentially induce wrong assessments of mate location strategies with perching individuals in search of new territories being classified as patrolling individuals. Additionally, the spatial distribution of sunlight patches also changes during the day because of the changing position of the sun, and should force individuals to leave disappearing territories in search of new ones. In case optimal light territories are scarce, then strong competition for the latter between males can be expected, forcing potential perchers to adopt a patrolling territory and mate searching strategy. In S. parhassus, wing morphology and wing loading was in agreement with prediction . Differences between fragments are significant and in accordance to the degree of habitat degradation for wing load (fragments are ordered from most intact on the left to most degraded on the right).
from mate-location behaviour, rendering the hypothesis of local adaptation or adaptive morphological plasticity plausible. As shown by Merckx & Van Dyck (2006) , alike adaptive plasticity can be induced by changes in larval development in response to differences in thermal conditions or food plant quality. Even in the well-studied temperate-zone P. aegeria, the evolution of perching and patrolling as alternative mate locating strategies is still not fully understood (e.g. the relative pay-offs of both behavioural strategies; Van Dyck (2003) . Changes in forest structure do not solely relate to changes in mate location behaviour, but apparently also correlate with changes in flight morphology, despite the lack of congruent changes in absolute body and wing size measurements. These changes in flight morphology have been acknowledged in temperate regions to be ultimately determined by changes in landscape and habitat composition ( Van Dyck & Matthysen, 1999) , but also by landscape-induced plasticity (Merckx & Van Dyck, 2006) . In the present study, we showed adaptive (i.e. beneficial) changes in flight morphology for a tropical butterfly, according to predicted biomechanical needs of perchers versus patrollers in temperate regions (Chai & Srygley, 1990; Berwaerts et al., 2002) . Alternatively, flight morphology in tropical butterflies (although at the interspecific level) could change in relation to avian predation pressure with palatable butterflies having relatively wider thoraxes and shorter bodies, and a faster flight. According to Sekercioglu (2002) , insectivorous birds are the most vulnerable ones for fragmentation and disappear very quickly after forest degradation, so increased predation pressure could be an alternative explanation for the observed shift in flight morphology. However, these patterns do not hold for the fragments from Taita because the lowest abundances are reached in fragment Ch (V. Lehouck, T. Spanhove and L. Lens, unpubl. data), a fragment where butterflies reach intermediate wing loading.
Are populations of S. parhassus negatively affected by forest disturbance, or, by contrast, does the species rather take advantage of increased light levels as a by-product of forest disturbance? Because local densities, being a good predictor of extinction probability for a species (Kotiaho et al., 2005) , do not show clear trends with regard to forest degradation, the species appears to be quite indifferent, despite its classification as a rainforest species (Larsen, 1996) , probably because of its flexible life history and behaviour. Flexible species that can readily respond to environmental changes, either by phenotypic plasticity or genetic adaptation, appear to have the most appropriate ecoevolutionary profiles to deal with anthropogenic systems (Yeh & Price, 2004) . The impact of more open forest structure in disturbed cloud forest is, however, unlikely to be limited to male behaviour only. Changed light and thermal conditions may increase the spatial access of ovipositing females to the host plant population. Butterflies typically use only a proportion of a particular host plant population representing the plants that grow under suitable microclimatic conditions (Bernays & Chapman, 1994) . High levels of irradiation may in principle increase herbivore impacts on plants because shady conditions function as thermal barriers to heliotherm insects (Louda & Rodman, 1996) . Such effects remain to be explored in our study system and in most other tropical forest systems. Moreover, a comparative analysis of the distribution of larvae will also provide key information about the initial distribution pattern of newly-emerged receptive females in the different forest fragments. As noted previously, this parameter is a key factor to male spatial behaviour to locate mates.
